Introduction: Familial amyloid polyneuropathy (FAP) is a rare disease caused by systemic deposition of amyloidogenic variants of the transthyretin (TTR) protein. The TTR-V30M mutation is caused by the substitution of valine by methionine at position 30 and mainly affects the peripheral and autonomic nervous systems. Cardiovascular manifestations are common and are due to autonomic denervation and to amyloid deposition in the heart. Cardiac sympathetic denervation detected by iodine-123 labeled metaiodobenzylguanidine (MIBG) is an important prognostic marker in TTR-V30 M FA P. Liver transplantation, widely used to halt neurological involvement, appears to have a varying effect on the progression of amyloid cardiomyopathy. Its effect on the progression of cardiac denervation remains unknown. Methods: In this observational study, patients with the TTR-V30 M mutation underwent annual cardiac assessment and serial MIBG imaging with quantification of the late heart-to-mediastinum (H/M) ratio. Results: We studied 232 patients (median age 40 years, 54.7% female, 37.9% asymptomatic at the time of inclusion) who were followed for a median of 4.5 years and underwent a total of 
558 MIBG scans. During follow-up, 47 patients (20.3%) died. MIBG scintigraphy at inclusion was a strong predictor of prognosis, with the risk of death increasing by 27.8% for each one-tenth reduction in the late H/M ratio. The late H/M ratio decreased with age (0.082/year, p<0.001), but progression of cardiac denervation was so slow that annual repetition of MIBG imaging did not increase its prognostic accuracy. During follow-up, 70 symptomatic patients underwent liver transplantation. The late H/M ratio decreased by 0.19/year until transplantation but no statistically significant differences were detected after the procedure. Conclusions: Cardiac denervation is common during the progression of TTR-V30 M FA P and quantification of the late H/M ratio on MIBG scintigraphy is valuable for prognostic stratification of these patients. Liver transplantation stabilizes cardiac denervation, without recovery or further deterioration in cardiac MIBG uptake after the procedure. © 2017 Sociedade Portuguesa de Cardiologia. Published by Elsevier España, S.L.U. All rights reserved.
Introduction
Familial amyloid polyneuropathy (FAP) due to a mutation in the transthyretin (TTR) protein, in which most frequently valine is replaced by methionine in position 30 (TTR-V30 M), is a multisystem hereditary disease characterized by progressive involvement of sensory, motor and autonomic nerve fibers. 1, 2 Neurological manifestations are the main clinical feature, but cardiovascular involvement due to autonomic neuropathy and cardiac amyloid deposition is also common.
Previous studies have demonstrated that myocardial sympathetic innervation as detected by 123 I-MIBG is decreased in the initial stages of FA P 4, 5 and that reduction in the late heart-to-mediastinum (H/M) ratio is an important predictor of prognosis that is strongly associated with long-term risk of mortality. 6 However, the progression of cardiac denervation during the clinical course of TTR-V30 M FA P has never been assessed by serial 123 I-MIBG scans, and the added value of repeated measurement of late H/M for prognostic stratification is unknown.
Liver transplantation is widely used to slow the progression of FA P and until recently was the only treatment option for these patients. 7 Transplantation halts neurological involvement and improves survival, especially if performed early in the symptomatic stages of the disease. 6 However, amyloid deposition in the heart may continue after transplantation, leading to progressive myocardial thickening, arrhythmias and conduction disturbances. 8---13 Little is known of the course of cardiac denervation following liver transplantation.
The aim of this study was to assess the effect of liver transplantation on the progression of cardiac denervation in patients with TTR-V30 M FA P.
Methods
This was a prospective observational study of consecutive patients with the TTR-V30 M mutation. All subjects underwent annual cardiac assessment and periodic measurement of the late H/M ratio. Progression of cardiac denervation was determined by comparing the H/M ratio in successive exams.
123 I-MIBG scintigraphy was performed following premedication with Lugol's solution (iodine-potassium iodide) to block absorption of free 123 I by the thyroid gland. Chronic medication was not suspended before the exam. Planar anterior thoracic images were acquired 15 min (early) and 3 h (late) after intravenous injection of a fixed dose of 185 MBq of 123 I-MIBG. A dual-head gamma camera (Millennium, General Electric Healthcare) equipped with a low-energy, high-resolution parallel-hole collimator was used for image acquisition and a 20% energy window was centered over the 159 keV photopeak of 123 I. 123 I-MIBG uptake was quantified through the H/M ratio, which was calculated by dividing the mean counts per pixel in the region of interest around the heart by the mean counts per pixel in the mediastinum, without correction for background activity. The myocardial washout rate was calculated as the percentage reduction of myocardial counts between early and late images:
Statistical analysis
Continuous variables with normal distribution were expressed as means ± standard deviation and were compared using the Student's t test or analysis of variance, and those with non-normal distribution were expressed as medians and interquartile range (IQR) and compared with the Mann-Whitney or Kruskal-Wallis tests. Scintigraphic parameters were correlated with age, duration of symptoms and time before and after liver transplantation, using Pearson's and Spearman's correlation coefficients.
The prognostic impact of scintigraphic parameters on allcause mortality during follow-up was determined by Cox univariate and multivariate regression analysis adjusted for age. To avoid bias, stepwise methods were used for the multivariate analysis, with non-significant variables being removed from the model at each step (p-value 0.05 for inclusion and 0.10 for removal). The accuracy of predictors of mortality was assessed by the area under the curve (AUC) on receiver operating characteristic analysis for different durations of follow-up. Cumulative event rates by quartiles of H/M ratio were assessed by the Kaplan-Meier method and the log-rank test.
The statistical analysis was performed with SPSS version 21.0 (IBM SPSS, Chicago, IL). A p-value <0.05 was considered statistically significant.
Results

Population characteristics
Between September 1998 and July 2015, 305 carriers of the TTR-V30 M mutation underwent annual cardiac assessment. A total of 73 patients were excluded from the analysis: 45 for not having undergone MIBG imaging and 28 because their first MIBG scan was performed after liver transplantation. The final study population thus consisted of 232 patients, median age 40 years (IQR 32-55), 54.7% female (n=127).
At the initial cardiac assessment, 144 patients (62.1%) had documented neurological involvement, the other 88 (37.9%) being asymptomatic. Of the symptomatic patients, 99 had developed clinical manifestations by the age of 50, while the other 45 had late onset (after the age of 50). The mean age of symptom onset was 38 years (IQR 31-54) and the mean duration of symptoms at initial assessment was two years (IQR 0-3). Nineteen carriers of the pathogenic mutation aged over 50 were still symptom-free.
I-MIBG scintigraphy
At the initial assessment, the mean early and late H/M ratios were 1.85±0.23 and 1.83±0.03, respectively, and median washout rate was 2.5 (IQR -2.3 to 8.5). Early and late H/M ratios were significantly lower and the washout rate was significantly higher in symptomatic patients (Table 1) .
During a median follow-up of 4.5 years (IQR 2.1-7.7; maximum 15.6), 121 patients underwent serial MIBG imaging, of whom 36 underwent at least five exams (maximum nine) (Supplementary Table 1 ). Including both initial and subsequent assessments, a total of 558 MIBG scans were performed. In these exams, the late H/M ratio decreased with age (by 0.082/year, p<0.001) and with duration of symptoms (by 0.066/year, p<0.001) ( Figure 1 the more marked decline after symptom onset, and the apparent stabilization after liver transplantation.
Prognostic stratification
During follow-up, 47 patients (20.3%) died. The most frequent cause of death (40%) was terminal FA P (Supplementary Figure 3A) . To determine the potential added value of serial late H/M assessment for prognostic stratification, we assessed the accuracy of all the MIBG scans (558 scans, 2246 patientyears of follow-up) for predicting post-exam survival, which was found to be significantly reduced with lower late H/M ratio. The risk of death increased by 27.8% for every onetenth reduction in the late H/M ratio (HR 0.774; 95% CI 0.73-0.82; p<0.001), and was nine times higher in patients in the first H/M quartile (HR 9.15; 95% CI 5.44-15.38; p<0.001) ( Figure 3B ). The accuracy of prediction based on serial exams was assessed by the area under the curve (AUC) on receiver operating characteristic analysis for different time intervals and compared with prognostic stratification based only on the initial MIBG scan (Table 3) . Prognostic stratification based on annual repetition of MIBG imaging was slightly superior, but the differences were trivial for time intervals less than the median follow-up (4.5 years). The statistical power of prognostic stratification based on a single exam and on serial exams was similar, and very high (99%).
Effect of liver transplantation on progression of myocardial sympathetic denervation assessed by 123 I-MIBG scintigraphy
Seventy patients (30.2%) underwent liver transplantation. In 39 of these patients surgery was performed less than one year after initial assessment. Perioperative mortality was 7.1% (5/70). The effect of transplantation on progression of sympathetic denervation was determined by comparing reductions in the late H/M ratio in images before (116 exams) and after (100 exams) transplantation. Of the former, 53 were performed less than a year before surgery.
In symptomatic patients requiring transplantation, late H/M decreased by 0.19/year (p<0.001) until transplantation; early H/M also decreased progressively and the MIBG washout rate increased. By contrast, all scintigraphic parameters stabilized after transplantation and no statistically significant differences were detected over time (Table 4 and Figure 4 ).
Discussion
In this large prospective study of carriers of the TTR-V30 M mutation followed for a median of 4.5 years, we analyzed the progression of cardiac sympathetic denervation as assessed by the H/M MIBG uptake ratio, the prognostic value of this index for long-term survival, and the effect of liver transplantation. The main results are as follows: (1) cardiac denervation progresses slowly in the pre-symptomatic stages of the disease but tends to accelerate after symptom onset; (2) MIBG scintigraphy at inclusion is a strong predictor of prognosis, with the risk of death increasing by 27.8% for each one-tenth reduction in the late H/M ratio; and (3) liver transplantation stabilizes cardiac denervation in long-term follow-up.
The cardiovascular manifestations of TTR-V30 M FA P are caused by autonomic dysfunction (disrupted control of blood pressure and heart rate) and by cardiac amyloid deposition (infiltrative cardiomyopathy, arrhythmias and conduction disturbances). However, phenotypic differences are seen in TTR-V30 M carriers according to geographic origin: cohort studies of Swedish patients report a high prevalence of restrictive cardiomyopathy, 3, 14 which is rare in Portugal, where cardiac autonomic neuropathy and conduction disturbances tend to dominate the clinical picture. 6 Previous studies have shown that MIBG scintigraphy is an indirect way to visualize the impairment of cardiac sympathetic innervation by amyloid deposition. Nakata et al. 15 were the first to report a case of a patient with TTR-V30 M FA P with no myocardial activity on MIBG imaging, indicating involvement of the sympathetic nerves. Subsequent small studies demonstrated not only that myocardial denervation was strongly correlated with severity of polyneuropathy 16 but also that MIBG uptake may be reduced before the onset of clinically apparent cardiac disease. 5 In a previous study of 143 individuals, we showed that cardiovascular abnormalities as assessed by electrocardiography, Holter monitoring, ambulatory blood pressure monitoring, echocardiography and MIBG scintigraphy are common in TTR-V30 M FA P, particularly in patients with neurological involvement. 6 Unlike other forms of systemic amyloidosis, the cardiovascular involvement in our study was mostly subclinical and obvious cardiac manifestations were rare. However, we did find that subclinical cardiovascular manifestations often preceded neurological involvement, which offers the possibility of earlier recognition of the onset of disease in asymptomatic carriers. We also demonstrated the prognostic value of MIBG imaging, which was in fact the strongest prognostic predictor of all the cardiac and neurological parameters assessed: patients with late H/M of less than 1.60 had a seven-fold higher risk of death during follow-up.
The present study confirms previous findings in a larger population and broadens the results to include serial H/M assessments. As expected, late H/M decreased significantly over time, but progression of cardiac denervation was so slow that annual repetition of MIBG imaging did not increase its accuracy in predicting all-cause death. Our results therefore suggest that repeated assessment of the H/M ratio is not justified for the purposes of prognostic stratification, at Table 2 .
least not more often than at intervals of less than five years (the median duration of follow-up in the present study). Liver transplantation has been widely used for the last twenty years to remove the main source of mutant transthyretin, in order to slow the progression of clinical manifestations, including peripheral neuropathy, gastrointestinal symptoms and other visceral complications. 7,17---20 Transplantation also improves long-term survival, especially when performed in the early stages of symptomatic disease. 6, 21 However, the effect of liver transplantation on the progression of cardiomyopathy in TTR-V30 M FA P is the subject of debate, with some studies suggesting that transplanted patients do not develop overt cardiomyopathy, 22, 23 while others ---i n Swedish, 10,13 French 12 and Japanese 9 patients ---report progression of arrhythmias and myocardial thickening due to amyloid deposition. This adverse outcome appears to be more frequent in Swedish patients with lateonset TTR-V30 M FA P. 3, 10, 13 It has been suggested that the main component of cardiac amyloid deposits following liver transplantation is normal (wild-type) transthyretin. 24 Nevertheless, none of the studies that monitored the progression of amyloid infiltration by echocardiography following liver transplantation assessed its effect on cardiac autonomic denervation. In a small group of 31 French patients, Delahaye et al. 12 compared the H/M ratio before and after liver transplantation, complemented with echocardiography; as in our study, no change was seen in sympathetic innervation following transplantation in a short follow-up (24±15 months), even though cardiac amyloid infiltration, as measured by myocardial thickness, had progressed. In the present study, of a larger group (70) of transplanted patients, the rate of decrease in H/M was assessed by comparing MIBG scintigraphy before (116 exams) and after (100 exams) transplantation. Of note, all scintigraphic parameters stabilized after surgery. There thus appears to be a distinction between amyloid deposition as assessed by myocardial thickness on echocardiography, which may progress after transplantation, and autonomic nerve involvement, which tends to stabilize.
Conclusions
Cardiac denervation is common during the progression of TTR-V30 M FA P and quantification of the late H/M ratio on MIBG scintigraphy is valuable for prognostic stratification of these patients. Liver transplantation stabilizes cardiac denervation. Following transplantation, cardiac 123 I-MIBG uptake remains stable over time, with no further recovery or deterioration. It is thus essential to perform transplantation sufficiently early in the natural history of the disease.
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